INTRODUCTION
Anionic surfactants such as sodium laurate and sodium lauryl benzene sulfonate have a hydrophilic group that becomes anionic upon ionizing when dissolved in water 1, 2 .
Owing to this hydrophilic group, which is an acid group with pKa such as a carboxylic acid group or sulfonic acid group, the ionization equilibrium is greatly affected by the pH of the water solution 3 . When the pH of the surfactant water solution is less than pKa of the hydrophilic group, the ionization equilibrium moves to a nonionization state; similarly, the equilibrium moves to an ionization state when the pH of the surfactant water solution is more than pKa of the hydrophilic group. The extent to which the equilibrium moves between the nonionization and the ionization state significantly influences the hydrophile-lipophile balance HLB ; HLB is an index of the distribution coefficient of the water/oil ratio of the surfactant, which indicates the pH responsiveness of anionic surfactants 4 .
However, because anionic surfactants generally have only one type of hydrophilic group in one molecule, they show only two states-ionization state or nonionization state triggered by pH. When the hydrophilic group of the surfactant enters the nonionization state, the surfactant becomes insoluble in water owing to a decrease in the HLB 5 . In addition, the nonionization state causes particles that are stabilized in the suspension by anionic surfactants to aggregate owing to the weakening electrostatic repulsion 6, 7 .
Thus, the pH responsiveness of general anionic surfactants is not practical. In this light, we have developed a monoalkyl sulfosuccinate having two types of hydrophilic groups: sulfonic acid group and carboxylic acid group. By varying the pKa in one molecule, the surfactant showed practical pH responsiveness. We considered that monoalkyl sulfosuccinate could change the ionization state of the carboxylic acid group and HLB in a mild pH range between weak acidity and weak alkalinity, maintaining the dispersion stabilization effect of the emulsion and solubility of the surfactant in water by employing the ionization state of the sulfonic acid.
This type of surfactant has long been used as an ingredient in shampoo and body soap for the characteristic of low Abstract: Monoalkyl sulfosuccinate is an anionic surfactant having two types of hydrophilic groups in one molecule, carboxylic acid group and sulfonic acid group, resulting in three ionization states depending on its pH. In state I, both carboxylic acid and sulfonic acid groups are not ionized; in state II, only sulfonic acid group is ionized; and in state III, both carboxylic acid and sulfonic acid groups are ionized. The ionization state affects the hydrophile-lipophile balance (HLB) of the surfactant, an index of the distribution coefficient of water/oil ratio of the surfactant. The decrease in HLB promotes the adsorption of the surfactant to the oil/water interface and improves the interface activity. State II has high emulsifying property for high interface activity but low water solubility. In contrast, state III has low emulsifying property for low interface activity but high water solubility. We applied the pH responsiveness of monoalkyl sulfosuccinate to the dispersion granulation method to change the state from II to III in a mild range of pH (weak acidity and weak alkalinity). Consequently, we successfully developed a novel dispersion granulation method that decreased the amount of surfactant needed for emulsifying resin solution by employing state II for its high emulsifying property, and we also reduced the amount of surfactant remaining on resin particles after the washing process by employing state III for its high water solubility. However, they have not been used from the viewpoint of pH responsiveness. We investigated the possibility of applying the pH responsiveness of the surfactant to the dispersion granulation method to provide a resin particle. Resin particles are produced by two methods 10 . One is the polymerizing granulation method, in which resin particles are formed by polymerizing a monomer by processes such as emulsification polymerization and suspension polymerization, and the other is the dispersion granulation method, in which resin particles are formed by emulsifying a resin solution with surfactants. Only polymerizable monomers such as styrene can be used in the polymerizing granulation method, and only polycondensation resins such as polyester can be used in the dispersion granulation method. However, the dispersion granulation method requires a considerable amount of surfactants to emulsify not only the resins but also the solvents necessary for dissolving the resin 11 13 . In addition, a lot of water is required to wash off the surfactants remaining on the resin particles. Therefore, this method produces large amounts of wastewater containing a high density of surfactants, and the surfactants remaining on the resin particles undermine the performance of the resin particles. We considered that applying the pH responsiveness of the monoalkyl sulfosuccinate to the dispersion granulation method was one of the best solutions to resolve the aforementioned issue.
EXPERIMENTAL PROCEDURES

Materials
We T-80V, SCI , followed by extension reaction with ethylenediamine EPIKOTE 828/ethylenediamine/IONET T-80V/ water 23/2/5/70 weight ratio . The volume average particle size Dv was 500 nm. It is known that a resin emulsion as an emulsification auxiliary agent provides an emulsion or a suspension that has a sharp particle size distribution and high dispersion stabilization by hetero-aggregation 14 16 .
Calculating HLB of anionic surfactants
We calculated the HLB of the anionic surfactant by the Oda method, which used the proportion of organicity to inorganicity of each component 17 .
2.3 Measurement of interface tension between anionic surfactants solution and liquid paraf n We measured the interface tension between the liquid paraffin and 1 surfactant water-solution pH of the solution is adjusted accordingly at 25 by the pendant drop method using an automatic interface tension meter Model PD-W, Kyowa Interface Science .
Synthesis of resin particles from polyester solution by
dispersion granulation method We prepared a water solution of emulsifier that contained each concentration of anionic surfactants and 0.5 epoxy resin emulsion. We mixed the 30 polyester resin Table 1 Chemical structure of anionic surfactants.
solution with the water solution of emulsifier at the weight ratio of 40:60 and emulsified the mixture using an ultrahigh-speed mixing system ROBOMICS, Tokusyu Kika Kogyo at 12, 000 rpm for 2 min. Then, we stirred the solution using a jar tester MSJ-6N, Miyamoto Corporation at 200 rpm for 1 h and obtained a polyester resin particle dispersion after removing ethyl acetate at 30 by an evaporator for 2 h. We centrifuged the dispersion at 3, 000 rpm for 5 min. We discarded the supernatant and retained the precipitate of the resin particles. To remove the remaining surfactants from the resin particles, we implemented a washing process in which we added two times the amount of alkali water pH 8 to the precipitate, stirred it using an ultrahigh-speed mixing system at 2,000 rpm for 2 min, and removed the supernatant after centrifuging the dispersion at 3,000 rpm for 5 min. We repeated the washing process several times and obtained the resin particles after drying the precipitate at 30 .
We measured the volume average particle size Dv and number average particle size Dn of the resin particles using a MultisizerTM 3 Coulter Counter ® , Beckman
Coulter .
2.5 Measurement of surfactants in resin particle by LC-MS Methanol was added to the resin particles to dissolve the surfactant remaining on the particles. The supernatant was filtered through a PTFE filter Syringe Filter pore size: 0.2 μm , Whatman . The quantity of surfactant remaining on the particles was estimated by measuring the quantity of the surfactant in the filtrate using LC-MS LCMS-8030, Shimadzu . Figure 1 shows that the behavior of the interface tension between 1 anionic surfactants solution and liquid paraffin was intergraded along with the pH of the solution. We considered that the inflection point of the pH corresponded to pKa of the hydrophilic group. In light of the relationship between pKa and pH based on formula 1 , the amount of nonionized acid was equal to that of ionized acid at the point where pH was equal to pKa. Therefore, the HLB of anionic surfactants dramatically changed at pH equivalent to pKa of the hydrophilic group. Because HLB is an index of the distribution coefficient of water/oil, the HLB affects the interface activity, implying that HLB influences the stepwise change of the interface tension along with the pH of the solution.
RESULTS AND DISCUSSION
Behavior of interface tension between anionic surfactants solution and liquid paraf n by pH
pH pKa log A / AH 1
The interface tensions of sodium polyoxyethylene lauryl ether sulfate and sodium polyoxyethylene lauryl ether acetate changed in one step because they had only one hydrophilic group providing two types of ionization states in which the hydrophilic group was ionized or nonionized at the border of equivalent pH to pKa. Table 2 shows the ionization state of sodium polyoxyethylene lauryl ether acetate at each pH. Sodium polyoxyethylene lauryl ether acetate had an inflection point at pH 6 because of the pKa Fig. 1 Behavior of interface tension of anionic surfactants by pH. of carboxylate. By adjusting the pH from 8 to 4, the carboxylate changed to the nonionized state and the interface tension declined from 14.0 to 3.1 mN/m. The maximum concentration of inorganic salt produced by pH adjustment was 1,500 ppm in the solution. We confirmed that adding the same concentration of inorganic salt to 1 surfactant solution resulted in the interface tension decreasing by only 1.2 mN/m, and we concluded that pH strongly affected the interface tension compared to the inorganic salt. The interface tension of disodium polyoxyethylene alkyl sulfosuccinate changed in two steps because disodium polyoxyethylene alkyl sulfosuccinate had carboxyl and sulfonyl groups providing three types of ionization states, where hydrophilic groups were ionized and/or nonionized as shown in Table 3 .
3.2 Relation between pH of surfactants under emulsification and amount of surfactants required to obtain resin particles Figure 2 shows the relationship between the amount of surfactant necessary for obtaining polyester resin particles Dv: 5.0 1.0 , Dv/Dn: 1.20 and the pH of the solution in the emulsification. When we used sodium polyoxyethylene lauryl ether sulfate, the pH of which was below three, we could not emulsify the resin solution and obtain the desired particles despite the fact that the interface tension was low, as shown in Fig. 1 . The lack of electrostatic repulsion caused recondensation of miniaturized particles because the pH of the solution was below pKa of the hydrophilic group. In granulation by emulsification, miniaturization and recondensation of particles occurred simultaneously. In this situation, the interface tension would be a factor of miniaturization under emulsification, and the electrostatic repulsion would be a factor of recondensation of miniaturized particles. In the emulsification using anionic surfactants, it is necessary to consider the electrostatic repulsion between particles.
On the other hand, when the pH was above three or more in which the distributed stabilization effected by electrostatic repulsion was high, the necessary amount of surfactants was more than 20 wt to resins because of the high interface tension. Similarly, when we used sodium polyoxyethylene lauryl ether acetate, we could not emulsify the resin solution at less than pH 6, and we needed more than 20 wt of the surfactant to resins at more than pH 6. 20 wt to resins corresponded to 4 surfactants in the emulsifier solution, according to chapter 2.4. In the case of sodium polyoxyethylene lauryl ether acetate, the interface tension of the 4 solution was 13.2 mN/m, which is 0.8 mN/m lower than that of the 1 solution. We confirmed that the concentration of surfactants did not strongly affect the interface tension.
By contrast, disodium polyoxyethylene alkyl sulfosuccinate at pH 4, where the carboxylic acid group was nonionized and sulfonic acid group was ionized, had low interface tension and high electrostatic repulsion. Therefore, the amount of surfactants required for emulsification was reduced to 4 wt to resins, which was almost one-fifth the amount of surfactants used in other examples. Reduc- Table 3 Ionization states of disodium polyoxyethylene alkyl sulfosuccinate. Fig. 2 Amount of surfactant required to get the resin particle.
ing the amount of surfactants could reduce the cost of raw materials as well as the cost of wastewater treatment from washing process.
Amount of surfactant remaining on resin particles
We investigated the effect of the washing process by weak alkali water pH 8 on the amount of surfactant remaining on the resin particles obtained by emulsification at pH 8 with sodium polyoxyethylene lauryl ether sulfate, pH 8 with sodium polyoxyethylene lauryl ether acetate, and pH 4 with disodium polyoxyethylene alkyl sulfosuccinate. Table 4 shows the amount of surfactant remaining on the resin particles after washing two times and the HLB of the anionic surfactants. As shown in Table 4 , little surfactant 0.02 wt to resins remained when we used disodium polyoxyethylene alkyl sulfosuccinate because of the high HLB and little usage of the surfactant for emulsification. Conversely, considerable amount of surfactant 0.62 wt to resins remained when we used sodium polyoxyethylene lauryl ether acetate because of the low HLB and large usage of the surfactant for emulsification.
In addition, we investigated the impact of the number of washing times on the amount of surfactant remaining on resin particles. As shown in Fig. 3 , when using disodium polyoxyethylene alkyl sulfosuccinate, the amount of surfactant remaining decreased to 0.02 wt to resins upon washing two times, and even if the washing process was repeated, there was no significant difference. In the case of sodium polyoxyethylene lauryl ether sulfate and sodium polyoxyethylene lauryl ether acetate as surfactants, the amount of surfactant remaining gradually decreased when washing was repeated up to five times. Thus, we concluded that disodium polyoxyethylene alkyl sulfosuccinate not only obtained clean particles with little amount of remaining surfactant but also dramatically reduced the amount of wastewater from the washing process.
CONCLUSION
This study investigated the application of the practical pH responsiveness of monoalkyl sulfosuccinate having two types of hydrophilic groups in one molecule to the dispersion granulation method. We successfully reduced the amount of surfactant necessary for emulsification as well as the amount of surfactant remaining on resin particles under the washing process by optimizing the HLB of the Table 4 Amount of remaining surfactant after washing twice. Fig. 3 Amount of remaining surfactant after every washing process.
solution controlled by pH for each process. We expect that clean surface resin particles based on this process could be used as high-performance resin particles such as carriers for medical testing in biological fields and spacer particles in the electronic industry material field.
